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SUMMARY

Spatially-structured population dynamics models are important management tools for
harvested, highly mobile species and while conventional mark-recovery experiments remain
useful for estimation of various demographic parameters of these models, archival tagging
experiments are becoming an important data source for analyzing migratory behavior of
mobile marine species. We provide a likelihood-based approach for estimating the regional
migration and mortality rate parameters intrinsic to these models that may use information
obtained from conventional mark-recovery and archival tagging experiments. Specifically,
we assume that the regional location and survival of animals through time is a finite-state
continuous-time stochastic process. The stochastic process is the basis of probability models

for observations provided by the different types of tags. Results from application to simu-
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lated tagging experiments for western Atlantic bluefin tuna show that maximum likelihood
estimators based on archival tagging observations and corresponding confidence intervals
perform similarly to conventional tagging observations for a given number of tag releases
and releasing tags in each region can improve the behavior of maximum likelihood estima-
tors regardless of tag type. We provide an example application with Atlantic bluefin tuna

released with conventional tags in 1990-1994.

KEY WORDS: finite-state continuous-time process; implanted archival tags; Markov process;

pop-up archival tags; spatially-structured population; tag-recovery
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1. Introduction

Tagging experiments have proven to be powerful tools to gain demographic information
from animal populations (Pollock, 1991; Schwarz and Seber, 1999; Seber and Schwarz, 2002).
Statistical models are available to estimate a variety of parameters including abundance (Dar-
roch, 1958), mortality (Hearn, Sundland and Hampton, 1987), size-specific harvest (Taylor,
Walters and Martell, 2005) and growth rates (Laslett, Eveson and Polacheck, 2002). For
populations of migratory animals that may be subjected to different levels of mortality in
various regions, migration rates among adjacent regions have also been estimated through
tagging experiments (e.g., Hilborn, 1990; Hestbeck, Nichols and Malecki, 1991; Schwarz,
Schweigert and Arnason, 1993).

The statistical models for mark-recovery experiments usually consider release groups and
recaptures made in discrete time where simplifying assumptions such as migration occurring
only once and instantly between intervals and all tagged animals of a particular release
group are released at the same time. Furthermore, many population dynamics models used
to manage fisheries are parameterized with instantaneous mortality rates (e.g., Quinn and
Deriso, 1999) and it would appear natural to consider migration in the same continuous time
framework.

Mark-recovery experiments continue to be used widely to infer rates of movement and
mortality of fish populations, but the relatively new popup satellite and implanted archival
tags provide extensive observations of movements of pelagic migratory species (e.g., Block,
Dewar, Blackwell, Williams, Prince, Farwell, Boustany, Teo, Seitz and Walli, 2001; Bonfil,
Meyer, Scholl, Johnson, O’Brien, Oosthuizen, Swanson, Kotze and Paterson, 2005) and
allow inference of location continuously in time (e.g., Sibert, Musyl and Brill, 2003; Sibert,
Lutcavage, Nielsen, Brill and Wilson, 2006). Because many species that are the subject of
archival tagging studies may have been or continue to be the subject of conventional mark-
recovery studies as well, a common estimation framework that can combine the information

provided by these studies would be useful for their management.
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To relax some unrealistic assumptions of models currently used to estimate migration
rates from conventional mark-recovery experiments and also meet the need to allow in-
formation from conventional and archival tagging studies to be be combined, we provide
likelihoods appropriate for conventional and archival tagging data to estimate instantaneous
migration and mortality rates. To assess the behavior of maximum likelihood estimators
(MLEs), we provide simulation results for experiments using different types of tags in a
population of animals that migrates between two regions and experiences different levels of
natural and harvest mortality in either region. We also, provide an example application to

Atlantic bluefin tuna ( Thunnus thynnus) conventional tagging studies.

2. Methods
2.1 Finite-state continuous-time Markov processes

Stochastic processes that describe the transition among a finite number of states in
continuous time are referred to by various names including multi-state processes or finite-
state continuous-time (FSCT) processes (Karlin and Taylor, 1975; Taylor and Karlin, 1984;
Andersen et al., 1993). We use FSCT to emphasize the continuous-time aspect of these
models and distinguish them from the discrete-time multi-state processes more commonly
used to model mark-recapture experiments (e.g., Nichols and Kendall, 1995; Lebreton and
Pradel, 2002). The fundamental characteristics of FSCT processes are the instantaneous
intensities of transition between states a; (t) = limgo P (¢, + 0t) /0t where 0 < ay,; (1) <
oo and P, (s,t) = P(Y (t) =Y (s) = h) is the probability that the process is in state
Y(-) = ¢ at time ¢ > s given it is in state Y(-) = h at time s (Andersen and Keiding,
2002). In general, these transition intensities may change through time (non-homogeneous)
and depend on the previous transition history of the process. We consider here the FSCT
Markov process which is a class of FSCT processes where the instantaneous transition rates
ap; (s) depend only on the state at time s (Markovian) and are constant through time

(homogeneous) or piece-wise constant through time.
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The H x H infinitesimal matrix of homogeneous transition intensities, A = {as;} has
diagonal elements, aj, = — Zfiu 2 Ohi and —ay,, are often termed hazards or forces of
transition out of the corresponding states (Hoem, 1971). These requirements imply that
each row of A sums to zero. For homogeneous FSCT Markov processes, the probability

transition matrix P(s,t) = {pn;(s,t)} is the exponential of the infinitesimal matrix
AL — )}
P(s.t) = exp{A(t - )} = Y AL o
k=0

where ¢t > s (e.g., Cox and Miller, 1965, pp. 178-186). The infinitesimal matrix can be
diagonalized with its eigenvalues and eigenvectors so that the probability transition matrix
can be calculated as P(s,t) = Vexp{D(t — s)}V~! where D is a diagonal matrix of the
eigenvalues and V is the matrix of eigenvectors (Kalbfleisch and Lawless, 1985; Commenges,

2002).

2.2 Defining states for animal populations

In general, an animal may at any instant, survive or die from one of several causes, but
these outcomes may be further detailed. For example, in many studies we discretize the
space where a migratory animal may be found so that the resulting regions correspond to
habitats that the animals use for different purposes (e.g., breeding and feeding grounds) or
areas used to manage harvest of the species (e.g., area-specific harvest limits). Within a
discrete-space system, an animal may, at any instant, remain alive in a region, die from one
of several causes in that region or move to any of the adjacent regions. If H = {1,..., H} is
the set of states that an animal may exhibit, let R, F and M represent the subsets of states
where the animal is alive and in one of R regions, dead due to harvest in one of the R regions
and dead due to other causes (i.e., natural mortality) in one of the R regions, respectively.
We will use these subsets of states in formulating observation models for the three different
types of tagging experiments below.

The FSCT framework we consider is a generalization of simpler FSCT Markov processes
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assumed for many animal populations. For example, it is common in many population
dynamics models for fish populations where migration is not considered, to assume animals
either survive or die from natural or harvest mortality sources during a time interval 7. This
equates to a process under our framework where there is a single region and two sources of
mortality in that region. Letting F' and M represent the instantaneous rates of transition
(within 7) into the harvest and natural mortality states, respectively, the infinitesimal matrix
for this process in the defined time interval is
—(F+M) F M
A(T) =
0 0 0
where 0 is a 2 x 1 column vector. The probability transition matrix for the interval that
provides the probabilities of being in the living and two different mortality states at the end

of the interval is

P =exp(AT) = 0 1 0 : (2)

0 0 1

—(F+M)T FfM{l _ e—(F-‘rM)T} Fi/[M{l _ e—(F+M)T}

When Ny animals are alive at the start of the interval, the expected numbers in each state
(product of Ny and the probabilities in the first row of eq. 2) provides results widely known
as the Baranov catch equations (Chapman, 1961; Ricker, 1975; Seber, 1982, p. 329). In fact,
eq. 2 is the stochastic analog of the Baranov equations and these probabilities are general
results for competing risks models with exponentially distributed life spans (Dupont, 1983;
Kalbfleisch and Prentice, 2002, pp. 247-248). Similarly, for a population occupying two

regions with migration rates 12 and ps; from regions 1 to 2 and 2 to 1, respectively, and no
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mortality during the interval 7, the infinitesimal matrix,

—Hi2 M2
A(r) =
H21  — 21
yields the probability transition matrix,
p21+pige” (K12 FH2D)T H12 {1 _ e*(#12+,u21)7'}
Hi12+H21 p12+p21
P =exp(AT) = ;
—b2 ] e—(M12+uz1)T} paa+pgy e~ (H12HH21)7

Hi2+H21 pi2+p21

where the diagonal provides the probabilities of an animal remaining in each region through
the interval as demonstrated differently by (Whitehead, 2001, eq. 5) for a model to estimate

abundance and migration rates for sperm whales.

2.3 Probability models for tagging experiments

The probability models we present below for observations derived from conventional tags,
popup satellite archival tags (PSATs) and implanted archival tags (IATs) account for the data
provided by the corresponding observations as functions of the instantaneous migration and
mortality parameters. These probability models can also be combined to make likelihood-

based estimates of the instantaneous parameters for studies that use multiple types of tags.

2.3.1 Pop-up satellite archival tags When PSATSs are deployed on animals, they collect
measurements of various environmental characteristics including light intensity until the tag
releases from the animal and floats to the surface (pops up) where it relays information
via satellite to the researcher. The tagged animal may theoretically be harvested prior to
the pop-up time or the tag may pop-up when a tagged animal stays at a constant depth
for specified amount of time because the animal is assumed dead (i.e., natural mortality).
The relayed measurements of environmental characteristics can in turn be used to estimate

geographic location of the tagged animal at a given time during the interval that the PSAT
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was attached to the animal (e.g., Sibert et al., 2003).

When the ocean is compartmentalized into regions, the locations at time translate into
regional occupation at time and times of migration between regions. Although the loca-
tions are estimated rather than known, it may be safe to ignore the resulting uncertainty
in times of migration between regions when the regions are large relative to the uncer-
tainty in the locations and there should be no error in the times of harvest or natural
mortality. Here we consider the migration times as known so that the data on a tagged
animal k observed from the time the animal is tagged ty; to the pop-up time t,; are
the times of tramsition, tiz = €1k, .- tigs - tnk @ tor < tix < tar, and the states,
Yie=Y(ig) -, Y(tig)s -, Y(tn k) s Y(tix) € H, the animal takes on during the period
the tag is operating, 7, = t,x — tox. Note that the set of states also includes natural and
harvest mortality because the times of transition into these states may be observed for an
animal with a PSAT. As these are data for a continuous-time observation of a FSCT process
(Andersen et al., 1993; Andersen and Keiding, 2002; Commenges, 2002), the probability

function for the set of observations from a PSAT is

ng—1 tit1,k
Prk (YI,kath|t0,kay<t0,k)) = H exp {/ aY(tl,k)7Y(tl,k)(t)dt} aY(tz,k),Y(tm,k)(tl+1,k)

1=0 bk

ta,k
X eXp {/ aY(tnk,k)zy(tnk,k)(t)dt} : (3)
tnk,k

Notice in eq. 3 that the first line represent the product of probabilities of remaining in states
between transition events and the transition to the next state. The second line of eq. 3
represents the probability of remaining in the final observed state after the final observed
transition. We assume that the release time (t,4) is fixed or at least independent of the

process Y (+) in eq. 3 (i.e., an independent censoring time, cf. Andersen et al., 1993, Ch.

I11).
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When the transition intensities are constant within the interval 7, eq. 3 reduces to

H
Pri (Y, treltos, Y (tox)) = H e H ay" (4)
h=1 i#h
where ny,; . = el Ty tix) = h,Y(tj;z1) = 1) is the number of transitions from state
) =0 ) +1,

h to state i and T = {05 I (Y (k) = h) (b — tiran) } + 1 (Y (b)) = 1) (tag — tgr)
is the total amount of time spent in state h. Determining the MLE for the transition
rate ay,; is straightforward (Albert, 1962) and asymptotic variance estimators have also
been derived (Andersen and Keiding, 2002). When a piecewise-homogeneous model is used
where transition rates are constant between time points 7,...,Tj,...,Ty, some or all of

the instantaneous rates may be interval-specific.

2.3.2  Conventional tags In conventional tag-recovery experiments, an animal is released
with a unique tag and people harvesting the species may recover the tagged animal during the
course of their efforts. Thus, given the state at time of release (o), we observe the time of
recovery (t,x) and states immediately prior to (Y'(¢,.x—) € R) and at recovery (Y (¢,) € F)
for harvested animals. For unharvested animals, we know that the animal is either still
alive or dead from natural sources at the time of analysis (Y (t,x) € {R,M}). Note that

Y (t,x) = Y(tax) for recovered animals. Thus, the data are

{Y(tr’k—),Y(t,«’k),tnk} if Y(ta,k) eF
{Y(ter) € {R,M}}  otherwise

{ Y tue} =

The probability function for the set of observations from a conventional tag is

I(Y (ta ) EF
P Yk, trokltor, tak, Y (tor)) = {PY(toyk),Y(tnk—)aY(tr’k—),Y(trvk)} (¥ o r)€7)

H I(Y (ta,r)€{R,M})

% Y Praonrw (5)
Y (to,x) E{R,M}
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where I(Y(t,x) € F) and I(Y (tor) € {R, M}) are indicators of whether the animal is in
harvested and non-harvested states, respectively, at time of analysis. The first line in eq. 5
is the product of the probability of being alive in region of recovery just prior to harvest at
time ¢, ,— given Y (¢yx) and the instantaneous rate of harvest in the region where recovery
occurred. The probability Py, )y, .-) is the (Y (tox), Y (t-x—)) element of the probability

transition matrix, P(to,trx—) and ay(, ,—)v(t.,) 15 the (Y (¢, x—),Y (tax)) element of the

ak)
infinitesimal matrix. The second line in eq. 5 is the probability of being in any of the
nonharvested states at the time of analysis given Y (o) which is the sum of the elements of
the probability transition matrix P(¢g g, tox) in row Y (tox) where Y (¢,x) € {R, M}.

All tags are assumed to be reported here, but incomplete tag reporting could be incor-
porated into the model by expanding and redefining the possible states. In application, we
determine the maximum likelihood estimates using numerical methods similar to Kalbfleisch
and Lawless (1985) where we determine the instantaneous rates and the probability transi-
tion matrices using eq. 1 such that the required elements maximize eq. 5.

When a model is used where transition rates are piecewise-constant between time points
Ty,....,T;,...,Tn and jo = min{j : T; > tox} and j,, = max{j : T; < t,;}, the probability
transition matrices required are the product of the interval-specific matrices,

P(tox, trix) = Pltor, T;

Jo,k

)P (T;

Jo,k )

Tjo-i-l) T P<Tjr,k—17 Tjr,k)P(Tjr,k’ thk)»

due to the Markov assumption. The probabilities necessary for an unrecovered tag are

obtained by the product of the interval-specific matrices where ¢, is used instead of ¢, .

2.3.83 Implanted archival tags Like conventional tags, IATs will remain in tagged ani-
mals for the remainder of their lives and we only obtain post-release information from animals
that are harvested. However, like PSATS, we can observe times of transition and states before

the time of tag battery expiration (t.j) for a recovered animal (tys = t1 4, ...\ ik, s bk :

10
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tog < tik < tek, Yie = Y(tig),--.,Y(tig), ..., Y (tn, k). If the animal is recovered after
the battery expires, we also have an observation analogous to that of a conventional tag
where the state at the time of battery expiration (t.) and states just prior to and at time
of recovery (t, ;) are known. Finally, we also have animals that are tagged and not recovered

at the time of analysis (¢, x) as in conventional tagging experiments. Thus, the data for an

IAT are

Yo, tik if Yter) €F
{ Yk, timse} = Yig tie, Y(ter), Y (k=) Y (k) trr if Y(ter) € R and Y (o) € F -
{Y(tor) € {R,M}} otherwise

The probability function for the set of observations from an IAT is

Pt Yk trneltors tak, Y (tok)) =Pk (Yik, tieltor, Y(to,k))f(y(t“’k)eﬂ

I(Y (te,) €ER,Y (tq,1)EF)
X APy (1), Y () OY ()Y () | * ’

o I(Y (0, €{RM))

X Z PY(tO,k)7Y(ta,k) (6>
Y (to, 1) E{R,M}

where Pri (Yig, tieltor, Y (tox)) is the component representing continuous-time observation
between times o and ¢ (i.e., eq. 3), the second line represents the observation of recovery
after battery expiration (analogous to the first line in eq. 5) and the final line represents the
observation of an animal that remains unrecovered at the time of analysis (analogous to the
second line in eq. 5). As with the release time for PSATSs, we assume that the battery life

(te) of an IAT is fixed or at least independent of the process Y (-) in eq. 6.

3. Behavior of MLEs for conventional and archival tagging experiments

Through simulation, we explored the behavior of MLEs for the regional migration and
mortality rate parameters based on the three likelihoods presented above for conventional,

PSAT and IAT observations. We intend the process observed through the tagging experi-

11
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ments to reflect the life history of adult western Atlantic bluefin tuna. The northern Atlantic
Ocean is split into western and eastern regions at the 45°W meridian for international har-
vest management (e.g., ICCAT, 2007) and fish may migrate between western and eastern
regions of the Atlantic Ocean and die from harvest or natural causes in either region.

We assumed instantaneous west-to-east (uw g) and east-to-west (ug ) migration rates,
region-specific instantaneous harvest (Fy and Fg) and natural mortality (My and Mg)
rates are constant throughout the time of analysis for each animal to reduce the complexity
of the results and better observe the behavior of the MLEs for the six instantaneous rate

parameters. Thus, the instantaneous transition matrix we use throughout simulations is

ag pwe Fw 0 My 0
A= HEW Q22 0 Fg 0 Mg (7)

0 0 0 O 0 0

where a1 1 = —(pw e+ Fw+Mw), azs = —(upw +Fg+ Mg) and 0 is a 4 X 1 column vector.
Notice that states 1 and 2 (alive in the western and eastern Atlantic Ocean) comprise the
subset R, states 3 and 4 (harvested in the western and eastern Atlantic Ocean) comprise F
and states 5 and 6 (natural mortality in the western and eastern Atlantic Ocean) comprise
M. The values we assumed for harvest and natural mortality (Fy = 0.18, Fg = 0.35,
My = 0.1 and Mg = 0.15) are similar to those stock assessment scientists believe to operate
on adult Atlantic bluefin tuna in the western and eastern Atlantic Ocean based on population
dynamics models (ICCAT, 2007). The western-to-eastern and eastern-to-western Atlantic
migration rates we assumed (puw p = 0.073 and pgw = 0.066, respectively) were estimated
from probabilities of western Atlantic bluefin tuna being in different regions of the Atlantic at
times subsequent to PSAT experiments reported by Block, Teo, Walli, Boustany, Stokesbury,
Farwell, Weng, Dewar and Williams (2005). All rates are on the scale of yearly time units.
The general algorithm for simulating the transition history is the same for all tag types.

The animal is released in a given region (Y (¢yx) € R) and the waiting time until the animal

12
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either leaves the region or dies in the region is an exponential random variable with rate
parameter —ay, ;. Given that the animal either leaves or dies, the (H —1) x 1 indicator vector
for the next state is a multinomial random variable with probabilities, —ay,;/ap . i # h (e.g.,
Taylor and Karlin, 1984, pp. 253-255). This procedure is repeated until the analysis time
is reached or the animal dies. As described above, each tag type yields observations with
different information on the process. We simulated 1000 experiments for each experiment
type. Experiment type is defined by the type of tag used (PSAT, IAT or conventional tag),
the total number of tags released and the proportion released in each of the 2 regions. We
generated data and calculated likelihoods for each experiment using C programs compiled
for R (R Development Core Team, 2006).

For each simulated experiment we calculated MLEs and, when non-trivial (i.e, non-
infinite) variance estimation was possible, estimated coefficients of variation (CVs) and ap-
proximate 95% confidence intervals for each of the six instantaneous rate parameters so that
we could compare bias, precision and 95% confidence interval coverage, 1(0.95), of different
experiment types. As the possibility of making inferences is as important as (or more im-
portant than) the behavior of inference procedures when it is possible to use them, we also
calculated the proportion of experiments where non-trivial variance estimates were possible
(¢) for each experiment type.

We maximized the likelihoods in the log-space of the instantaneous rate parameters to
avoid boundary problems using the Nelder-Mead algorithm of the optim function in R (R
Development Core Team, 2006) and variance estimates were based on numerically-derived

hessian matrices in the corresponding space. We calculated asymmetric confidence inter-

—

vals as exp {log(ai,j) + 20.975CV (ai,j)} where CV (a;;) = SE {log/(;i,j)} by Taylor series
approximation.

There is a high incidence of release of the tag prior to the scheduled time from causes
other than mortality (e.g., Sibert et al., 2006) which we assume is independent of the FSCT

process. In our simulation of PSAT experiments, we modeled the release time of the tag

13



254

255

256

257

258

259

260

261

262

263

264

266

267

268

269

271

272

273

274

276

277

278

279

280

(ta.x) using a Bernoulli-beta distribution: indication of tag release prior to the scheduled time
is a Bernoulli random variable with probability p and given the tag releases early, the time
of release scaled by the scheduled release time is a beta random variable with parameters, a
and b. We used values for Bernoulli-beta parameters that we estimated from release times
of pop-up tags that have been deployed by M. E. Lutcavage and colleagues (Figure 1). We
assumed that the scheduled time of release for tags is 0.83 years (10 months) which is similar
to the intended release time of current PSATs. For IATs and conventional tags, we assumed
the time of analysis is 5 years after the time of release and the battery life of IATs is similar

to that of batteries currently used (2 years).

3.1  Simulation Results

When tag releases are allocated equally to both regions the probability of non-trivial
variance estimation for MLEs of the assumed instantaneous rates converges to one for all
tag types, as the total number of released tags increases (Figure 2, row 1). However, the rate
of convergence of the probability of non-trivial variance estimation is generally higher for
harvest rate MLEs than migration and natural mortality rate MLEs. The rate of convergence
is lowest for PSATs which is at least partially due to the shorter length of observation allowed
per tag (< 0.83 years). The rate of convergence is similar for experiments using IATs and
conventional tags.

Given non-trivial variance estimation is possible, bias of the MLEs diminishes with total
number of released tags for all tag types, but the rate of convergence to unbiasedness is
highest for harvest rate MLEs (Figure 2, row 2). The rate of convergence to unbiasedness
of MLEs is lowest for PSATs except that convergence rate of the MLE for the natural
mortality rate in the western region of the Atlantic Ocean (Myy)is lowest for conventional
tagging experiments.

The precision of MLEs for all migration and mortality parameters increases with total
number of released tags similarly for all types of tags when non-trivial variance estimation is

possible (Figure 2, row 3). For a given total number of released tags, the CV of estimators

14
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for migration and harvest mortality parameters are lower for IATs and conventional tags
than PSATs and the CV of the natural mortality rate in the western region is lowest when
conventional tags are used.

The coverage of 95% confidence intervals converges to the appropriate probability for all
types of tagging experiments as total number of released tags increases (Figure 2, row 4).
The rate of convergence is highest for MLEs of harvest rates, but lowest for the MLE of
the natural mortality rate in the western region (My) using IATs and conventional tags in
particular.

Considering the allocation of 200 tags to each region, there is generally a higher prob-
ability of non-trivial variance estimation for all MLEs using IATs and conventional tags
(¢ > 0.8) than using PSATs when not all tags are released in a single region (Figure 3,
row 1). For PSAT experiments, ¢ increases for rates of transition from alive in the western
region to other states (uw.g, Fiw and My, ) or from alive in the eastern region to other states
(upw, Fp and Mpg) as the proportion of tags released in the respective regions increases.
For experiments using IATSs, the same relationship occurs for harvested mortality rates, but
¢ for migration rates and natural mortality rates is highest (¢ > 0.9) when all tags are not
released in a single region. The probability of non-trivial variance estimation also increases
for MLEs of the rates of migration from western to eastern regions and western natural
mortality as the proportion of tags released in western region increases using conventional
tags, but this relationship does not hold for the eastern region.

Given that non-trivial variance estimation is possible for an experiment, the relative bias
is least in absolute percentage (|%Relative Bias| ~ 0 — 10%) for all MLEs when all tags
are not released in a single region (Figure 3, row 2). When all tags are released in a single
region relative bias of some MLEs can be greater than 100% using PSATS or conventional
tags and greater than 50% using IAT tags. For experiments using PSATSs, relative bias
for MLEs of mortality or emigration rates increase as the proportion of tags released in the

corresponding region decreases. The relative bias of MLEs of Fyy, My and pyy g also increase
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as the proportion of conventional tags released in the western region decreases. Relative bias
of My, and Mg using IATSs is positive when no tags are released in the respective regions
and negative when all tags are released in the respective regions.

For all tag types, coefficients of variation (CVs) are generally greatest when all tags
are released in a single region (Figure 3, row 3). The CVs generally decrease for rates of
transition from alive in the western region to other states (uw, g, Fw and My, ) or from alive
in the eastern region to other states (ugw, Fr and Mg) as the proportion of tags released
in the respective regions increase. When tags are not released in a single region, CVs of all
MLESs are similar for all tag types and a given allocation.

The probability of 95% confidence interval coverage is generally negligibly biased for all
types of tagging experiments when not all tags are release in one region (Figure 3, row 4).
However, confidence interval coverage can be poor for archival tag experiments when all tags
are released in a single region (¢(0.95) < 0.80). Using PSATSs, confidence interval coverage
converges to unbiasedness for rates of transition from alive in the western region to other
states (uw,p, Fw and My) or from alive in the eastern region to other states (upw, Fg
and Mp) as the proportion of tags released in the respective regions increase. Using IATSs,
confidence intervals are too conservative for natural mortality rates when all tags are released
in a single region and for the rate of migration out of the western region when all tags are
released in the eastern region and vice versa (¢(0.95) > 0.99). When all tags are released in
eastern region, confidence interval coverage for the MLE of Fy is strongly negatively biased
using any type of tag, but the same bias in the MLE of Fg only occurs using PSATs when

all tags are released in the western region.

4. An example: Atlantic bluefin tuna conventional tagging data

Conventional tagging experiments for Atlantic bluefin tuna have been conducted through-
out the northern Atlantic Ocean for several decades and the resulting data have been archived
by the International Commission for the Conservation of Atlantic Tunas (ICCAT'). We con-

sidered a subset of the archived data where tagged fish were released in 1990-1994 and

16



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

recaptures were made prior to the beginning of 1995 (assumed end of study). We used
the longitudes of tagged fish at release and recovery to determine the regional locations at
those times. The dates of release and recovery are used to determine the times on study
(tar —tor < b years). Of the 2022 tagged fish released in the western region of the Atlantic
Ocean, 65 were recaptured in the same region and 6 were recaptured in the eastern region.
Of the 4288 tagged fish released in the eastern region, 72 were recaptured in the same region
and 6 were recaptured in the western region (Figure 4).

For this example, we have the same instantaneous rates as the simulation study above,
but the probability of reporting harvested tags is thought to be substantially less than
1. Because there is no auxilliary information to estimate reporting probability and it is
completely confounded with natural mortality rates, we assume a value for natural mortality
rate (My = Mg = 0.15) similar to values believed by Atlantic bluefin assessment scientists
(ICCAT, 2007) and estimate reporting probability (0 < p < 1) along with migration and

fishing mortality rates. The resulting instantaneous transition matrix is

ay HwW,E prW 0 (1 — PW)FW + MW 0
A= UEw Q22 0 peFE 0 (1 —pg)Fg+ Mg (8)
0 0 0 0 0 0

where a1 1 = —(puw e+ Fw +Mw), az2 = —(upw +Fg+ Mg) and 0 is a 4 X 1 column vector.
We fit a suite of nested models where all rates are the same for each region (pw g = g w,
Fw = Fg and py = pg; my), only harvest mortality rates are region-specific (m;), harvest
and migration rates are region-specific (ms), migration rates are region-specific and harvest
rates are both region- and year-specific (mg3) and reporting probability is also region-specific
(ma4).

For each model, we maximized eq. 5 with respect to the migration and mortality rates
where the necessary probabilities are calculated using eq. 1 (year-specific for models ms

and my). For the best model, we estimated variances and calculated asymmetric confidence
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intervals for the migration and mortality rates using the same methods as the simulation
study above, but a logit transformation of reporting probability is estimated due to its
constraints.

Through likelihood ratio testing, the model with region- and year-specific harvest mortal-
ity rates and region-specific migration rates (ms) provides the best fit to the Atlantic bluefin
tuna data (Table 1). Based on model myg, there is evidence of a very low tag reporting prob-
ability from harvested individuals (~ 0.122) and estimates of harvest mortality are greater
for the western region than the eastern region within a given year, but the estimates tend to
decrease over time for a given region (Table 2). The migration rate from the western region
to eastern region of the Atlantic Ocean is greater than the opposite migration rate which
would result in a in a greater probability of living individuals occurring in the eastern region

over time.

5. Discussion

The results we present here demonstrate that the finite-state continuous-time approach
is useful for combining information from the different tagging studies to estimate migration
and mortality rates. Current population dynamics models used for fisheries management
usually focus on regional populations and parameterize mortality rates instantaneously and,
for migratory species, some models make the practical but undesirable assumption that
migration and mortality happening in separate intervals (e.g., Hampton and Fournier, 2001).
More general models that consider instantaneous migration that “competes” with mortality
sources simultaneously using a finite-state continuous-time framework could make use of the
likelihoods we propose when conventional and(or) archival tagging data are available.

Although we partition space and parameterize the FSCT process for fisheries manage-
ment, the partitioning and parametrization can also address behavioral or ecological char-
acteristics of the population of interest. With Atlantic bluefin tuna for example, we might
further partition the space to represent spawning and feeding grounds within each region

because adults are thought to migrate between these areas during certain periods each year.

18



385

386

387

388

389

390

391

392

393

394

395

396

397
398

399

400

401

402

404

405

406

407

409

We might also constrain migration rates to the spawning and feeding grounds to be higher
at the appropriate periods to reflect these life history attributes of the population. The
regional migration and mortality model is also directly applicable to management regimes
for many species that employ protected areas where no harvest is allowed (e.g., Roberts,
Bohnsack, Gell, Hawkins and Goodridge, 2001; Field, Punt, Methot and Thompson, 2006).
Harvest rates would be set equal to zero in the protected areas and migration rates among

the protected and unprotected areas could be estimated from tagged animals.
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Table 1
Sequential likelihood ratio tests of nested models fit to Atlantic bluefin tuna tagging data.
The number of parameters (n,) and p-values (P) are provided.

Model  log(L) mny P

mo —1786.65 3

my —1780.38 4 0.0004

ma —-1776.26 5 0.0041

ms3 —1752.03 13 8.067 x 108

my —1750.81 14 0.1183
Table 2

Parameter estimates and asymmetric 95% confidence intervals provided by model ms from
fitting Atlantic bluefin tuna tagging data.

parameter estimate SE CI

HUW,E 0.1832 0.0750 (0.0821 - 0.4089)
HEW 0.0374 0.0158 (0.0164 - 0.0855)
Fw 1990 0.5168 0.2491  (0.2009 - 1.3292)
FE 1990 0.1773 0.0816 (0.0719 - 0.4369)
Fyw 1991 0.3946 0.1545 (0.1832 - 0.8498)
FE 1991 0.1360 0.0538 (0.0627 - 0.2953)
Fiy 1992 0.1255 0.0580 (0.0507 - 0.3107)
FE 1992 0.0370 0.0167 (0.0153 - 0.0895)
Fiy 1993 0.1256 0.0584 (0.0505 - 0.3123)
FE 1993 0.0641 0.0279 (0.0273 - 0.1505)
Fyy 1994 0.0910 0.0523 (0.0295 - 0.2809)
FE 1994 0.0300 0.0157 (0.0107 - 0.0838)
P 0.1222 0.0063 (0.0630 - 0.2238)
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Figure 1. Distribution of the scaled release times of prematurely released pop-up satel-
lite archival tags scheduled to release greater than 250 days after deployment (n = 192).
The curve represents a beta distribution with parameters (a = 0.6785472, b = 1.508478)
determined by fitting the scaled release times. The probability of premature release is
p = 0.2554745.
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Figure 2. Probability of non-trivial variance estimation (¢), percent relative bias, coefficient of variation (CV) and probability
of approximate 95% confidence interval containing true parameter value (1(0.95)) for maximum likelihood estimators of the
migration and mortality rates (columns) when experiments use popup satellite archival (solid line), implanted archival (dashed
line) or conventional (dotted line) tags released in equal proportions in the western (1¥) and eastern (E) regions. Bias, CV and
1(0.95) results are based on the subsets of 1000 simulations of tagging experiments for each tag type and sample size in which

non-trivial variance estimation is possible.
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Figure 3. Probability of non-trivial variance estimation (¢), percent relative bias, coefficient of variation (CV) and probability
of approximate 95% confidence interval containing true parameter value (1(0.95)) for maximum likelihood estimators of the
migration and mortality rates (columns) when experiments use 200 popup satellite archival (solid line), implanted archival
(dashed line) or conventional (dotted line) tags released in varying proportions in the western (W) and eastern (E) regions.
Bias, CV and ¢(0.95) results are based on the subsets of 1000 simulations of tagging experiments for each tag type and sample
size in which non-trivial variance estimation is possible.
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Figure 4. The frequency of recovery times in the western (a and c) and eastern (b and d)
regions of the Atlantic Ocean for conventional-tagged Atlantic bluefin tuna released in the
western (top row) and eastern (bottom row) regions in 1990-1994 and recovered prior to the
beginning of 1995.



